Abstract The hydrologic transport of dissolved organic carbon (DOC) represents both a primary energetic loss from and a critical energetic link between ecosystems. Coastal freshwater wetlands serve as a primary source of DOC to estuaries; historically the magnitude and timing of DOC transfers has been driven by water movement. Extensive agricultural development throughout the coastal plain of the southeastern US has hydrologically connected much of the landscape via canals to facilitate drainage. The resulting large-scale loss of topographic relief and reduced mean elevation is interacting with increasingly frequent and severe droughts to facilitate the landward movement of seawater through the highly connected artificial drainage networks. The resulting changes in hydrologic regime and salinity are each expected to reduce DOC export from coastal freshwater wetlands, yet their individual and combined impacts are not well understood. Here we show that repeated saltwater incursion during late summer droughts substantially decreased DOC concentrations in surface water (from *40 to *18 mg/L) from a mature and a restored forested wetland in the coastal plain of North Carolina, USA. These declines in DOC concentration reduced annual export of DOC to the estuary by 70 % and dampened storm fluxes by 76 %. We used a long-term experiment with intact soil columns to measure the independent and combined effects of drought, salinity, and sulfate loading as potential drivers of the large changes in DOC concentration. We found that soil drying and salinization each reduced DOC similarly (20 % reduction by drought alone, 29 % by salinization) and their combined effect was additive (49 % reduction in salinization ? drought treatments). Our results demonstrate that, well in advance of significant sealevel rise, drought and relatively low levels of saltwater incursion (\6 ppt) are already significantly altering the timing and magnitude of dissolved organic carbon flux between coastal forested wetlands and downstream estuaries.
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Introduction
The transport of dissolved organic carbon (DOC) from freshwater to marine ecosystems is an important link between terrestrial and ocean carbon pools (Hedges et al. 1997) . Current estimates are that freshwater ecosystems transport, mineralize, and bury *2.7 Pg C year -1 , which is similar in magnitude to the terrestrial carbon sink (Battin et al. 2009 ). As DOC moves through aquatic ecosystems it plays important roles fueling food webs, regulating acidity, transporting pollutants, limiting light availability, and linking biogeochemical cycles (Battin et al. 2008) . Aquatic DOC also plays a critical role in linking continental and marine carbon cycles, by exporting terrestrially derived organic matter to the coastal ocean. Although all inland systems contribute to coastal DOC loading, the quantity and composition of DOC exported to estuaries is largely driven by fresh, brackish, and saline wetlands of the coastal margin (Mulholland 2003) . Given that coastal wetlands are the main source of organic carbon delivered to estuaries in the Atlantic and Gulf coasts of the United States (Shih et al. 2010) , it is important to understand the factors controlling DOC export.
Extensive research has documented the important role of coastal marshes as sources, sinks, and transformers of organic matter exported to estuaries (Teal 1962; Nixon 1980; Tzortziou et al. 2008 ). However, not much work has been conducted on organic carbon export from forested coastal wetlands (Bauer et al. 2013) . While tidal exchange has been shown to be an important driver of DOC export in marshes (Tzortziou et al. 2008 (Tzortziou et al. , 2011 , the timing and magnitude of rainfall is also likely to be important in forested coastal wetlands where tidal exchange is smaller (AlvarezCobelas et al. 2012; Chow et al. 2013) . Prior studies in forested wetlands have shown that large flood events can export tremendous quantities of DOC, while droughts typically reduce DOC export (Clark et al. 2005; Eimers et al. 2008; Raymond and Saiers 2010) , although other studies suggest that drought could increase DOC export from some wetlands (Fenner and Freeman 2011) . Changes in the sequence of droughts and storms could also alter DOC export, for example storms following drought periods tend to be particularly DOC rich, as they flush organic matter that has accumulated over long time periods in hydrologically disconnected areas (Raymond and Saiers 2010; Mehring et al. 2013) . With predicted increases in the frequency of droughts and increased intensity of storms for much of the southeastern United States (Carter et al. 2014) , it is important to understand how these changes to hydrologic conditions are going to alter DOC export from coastal wetlands.
Further complicating our ability to predict the consequences of hydrologic changes for coastal wetland DOC export, droughts in southeastern US coastal plain can also be associated with increases in salinity, as reductions in freshwater runoff allow landward movement of marine salts (Day et al. 2007; Anderson and Lockaby 2012; Ardón et al. 2013) . Rising sea levels exacerbate this increased potential for the movement of salts from sea to land, making increased salinity the leading edge of climate change in this region. One of the challenges in forecasting the consequences of increased salinity on DOC export is that it can both increase and decrease DOC concentrations through various mechanisms (Herbert et al. 2015) . High salinity can decrease the amount of autochthonous DOC produced in freshwater wetlands by decreasing terrestrial and aquatic plant productivity (Brinson et al. 1995; Krauss et al. 2009; Neubauer 2013) . High concentrations of cations (especially Ca 2? and Mg 2? ) can also decrease DOC solubility by stimulating aggregation and flocculation (Sholkovitz 1976; Mulholland 1981) . Salinity can also decrease the vulnerability of dissolved organic matter to photobleaching (Minor et al. 2006) . In contrast, salinity can increase rates of organic matter mineralization as a result of enhanced rates of sulfate reduction due to the high inputs of marine sulfate, which could increase DOC production (Weston et al. 2011; Chambers et al. 2014) . Changes in salinity can also increase water pH, which increases the solubility of soil organic matter (Thurman 1985) . Most of the studies on the effects of salinity on DOC concentrations in coastal wetlands have been conducted at the soil core or plot scale (Chambers et al. 2011 , Weston et al. 2011 , Neubauer 2013 , thus the net effect of increased salinity events on DOC production and export at the ecosystem scale from coastal forested wetlands remains poorly understood (Henman and Poulter 2008) .
We previously reported that drought-induced seasonal saltwater incursion led to dramatic increases of ammonium (NH 4 ? ) export from coastal plain wetlands (Ardón et al. 2013) . Here, we examined the consequences of drought-induced saltwater incursion on DOC export from a mature forested wetland and a restored wetland for 5 years following its hydrologic reconnection to coastal waters. We complemented these field observations with a microcosm experiment in which we independently and synergistically manipulated water, salinity, and sulfate availability in intact soil columns. We hypothesized that: (1) drought would decrease DOC concentration and export; (2) increased salinity would decrease DOC concentrations in field and the laboratory; and (3) salinity-induced decreases in DOC concentrations would decrease storm, seasonal, and annual DOC export.
Methods

Site description
This study focuses on wetlands draining to the Albemarle Sound from the coastal plains of North Carolina, USA. The Albemarle Sound is sheltered from lunar tidal influence of the Atlantic Ocean by a chain of barrier islands (Outer Banks), resulting in wind driven tides for its fringing wetlands (Corbett et al. 2007 ). Salinity in the Albemarle Sound tends to be less than 5 parts per thousand (ppt; Corbett et al. 2007 ), but during drought years it can go up to 12 ppt as a result of reduced freshwater inflow and enhanced evaporation (Division of Marine Fisheries, North Carolina Department of Environment and Natural Resources, personal communication).
The Timberlake Observatory for Wetland Restoration (TOWeR), located in Albemarle Peninsula in Tyrell County, NC (35°54 0 22 00 N 76°09 0 25 00 W), is owned by the Great Dismal Swamp Mitigation Bank, LLC (Fig. 1) . The total area of TOWeR is 1704.2 ha comprised of: 420 ha of mature forested wetland, 787 ha of forested wetland (drained by the Inflow), 57.2 ha of drained shrub-scrub, and 440 ha of former agricultural fields undergoing stream and wetland restoration. This study focuses on the 440 ha former agricultural field (Fig. 1) . The Inflow drains forested wetland that was never in agricultural production (Fig. 1) . The single outflow from the site drains into the Little Alligator River (3 km downstream), which drains to the Alligator River and the Albemarle Sound (5 km downstream). Active pumping necessary for agricultural production hydrologically disconnected the site from the Albemarle Sound until restoration started in 2007. Restoration also included planting of 750,000 live saplings from eight different species of native trees (Ardón et al. 2010 ). Soils at the restored site are composed mostly of Ponzer muck (loamy, mixed, dysic, themic Terric Haplosaprists) and Hyde loam (fine-silty, mized active, thermic Typic Umbraquults, USDA SSURGO Database 2005) . The elevation at the site ranges from -1 to 2 m above sea level (lidar survey by National Center for Airborne Laser Mapping 2008, Houston, Texas, USA). The site has been described in detail in Ardón et al. (2010) . To illustrate changes since restoration we included photos of the site in 2007 and 2012 in Appendix Fig. 7 .
Since hydrologic reconnection the site has experienced seasonal saltwater incursion events during late summer and into winter, associated with decreased rainfall. Salinity in surface water at the site is less than 0.5 ppt, but during saltwater incursion events it Fig. 1 Map of the former agricultural field undergoing restoration within Timberlake observatory for wetland restoration (TOWeR) with locations of surface water sampling sites. Bold arrows indicate direction of dominant water flow (north) and salinity gradient (south). Insert shows location within North Carolina (TR TOWeR site, FW mature forested wetland) Biogeochemistry (2016) 127:411-426 413 increased to [5 ppt. Monitoring of groundwater (using piezometers at 15, 30, 60, and 100 cm) has confirmed that salinity incursion occurred through surface water, and not through groundwater exchange (Ardón et al. 2013 Fig. 1 ). Because both Inflow and Outflow are through culverts, we used the known area of the culvert, water depth, and velocity to estimate discharge. Due to the slow water movement and influence of wind tides which reversed the flow \1 % of the time water velocity measurements were difficult and at times unreliable. Based on our extensive dataset, we identified outliers (more than one order of magnitude greater than the highest velocity recorded using handheld flow meter) and interpolated between measurements using weighted averages (Ardón et al. 2010) . We discarded and interpolated data for 12 % of the data from the Outflow, and this was primarily during low flows, when export was lowest. Less than 1 % of the total measurements of velocity at the Outflow were negative (meaning flowing into the site), thus flow was primarily leaving the site. Here we report export data from the Outflow because our main interest in this paper was to examine how salinity and drought changed export of DOC to the downstream estuary.
To estimate solute export we multiplied concentrations derived from weekly sampling by estimates of daily discharge. We calculated daily discharge (Q d ; L/d) from our 15 min discharge measurements (described above) by assuming each instantaneous measurement represented the next 15 min and summed for each day. For dates that corresponded to weekly sampling dates, we multiplied measured concentration (C d ; kg/L) by daily discharge. For dates between weekly sampling dates, we estimated C d as the average concentration from the prior and subsequent weekly samples according to Likens and Bormann (1995) . To estimate yield (Y; kg ha -1 year -1
) we summed daily export for the year and divided by the area of the former agricultural field (A; 440 ha), using the equation:
Surface water sampling
To determine DOC and solute concentrations in surface water, weekly water samples were collected from February 2007 to February 2012 from three sites within the restored area: Inflow, Midpoint, and Outflow ( Fig. 1 ). These sites spanned the salinity gradient and cover the main inflow and outflow from the site. Samples were filtered immediately (GF/F Whatman filters, 0.7 lm), refrigerated and maintained at 4°C until analyzed. Dissolved organic carbon (DOC, measured as non-purgeable organic carbon) and total dissolved nitrogen (TDN) were measured on a Shimadzu TOC-V total carbon analyzer with a TNM-1 nitrogen module (Shimadzu Scientific Instruments, Columbia, Maryland, USA). Soluble reactive phosphorus (SRP) and NH 4 ? -N were measured using the molybdenum blue and phenate methods respectively on a Lachat QuickChem automated system. NO 3 --N, Cl -and SO 4 2-were measured on a Dionex ICS-2000 ion chromatograph (Dionex Corporation, Sunnyvale, California, USA). We calculated dissolved organic nitrogen (DON) concentrations as DON = TDN-(NO 3 --N ? NH 4 ? -N). We calculated the carbon to nitrogen ratio (C:N) of dissolved organic matter (DOM) as the molar ratio of DOC to DON. Water pH, dissolved oxygen, conductivity, and temperature were measured every time we collected water samples using a handheld multiprobe device which was calibrated before measurements were collected (YSI Multiprobe Model 560, Yellow Springs, Ohio, USA).
Because in many systems the majority of DOC is exported during storms, we explored the extent to which salinity affected storm DOC fluxes. In addition to weekly samples we did high frequency sampling after rain storm events to estimate storm fluxes. We used automated samplers (ISCO 6712, Teledyne ISCO, Ohio, USA) to collect samples every 2-10 h to characterize the rising and falling limbs after rainfall events. Samples were collected from the automated samplers within a week of collection, filtered in the laboratory, and refrigerated until analyses. Samples were analyzed as described above for weekly samples. We used the concentrations from approximately 24 samples per storm together with flow measurements to estimate storm fluxes of DOC for a total of 16 events.
POC formation assays
To examine the potential for salt-induced flocculation, we measured the amount of particulate organic C (POC) formation in water samples collected during the summer from the Outflow under different salinities. We made artificial saltwater following (Kester et al. 1967) . We added different amounts of artificial saltwater to 4 replicated 500 ml samples to obtain a range in conductivity similar to that observed in the field (0-12 mS/cm, salinity = 0-6 ppt). POC formation was determined gravimetrically. We filtered the samples (on pre-combusted 0.7 lm GF/F) before adding saltwater and 24 h after adding saltwater. Following filtration, filters were dried (70°C for 48 h) and weighed. We determined organic matter by combusting the samples (500°C for 4 h), and we assumed half of particulate organic matter was C (Mulholland 1981) .
Microcosm Experiment
To disentangle the effects of drought, salinity and sulfate on DOC concentration, we conducted a microcosm experiment using intact soil cores from the TOWeR site. On 26 July 2010 we collected 50 intact soils cores (30 cm tall, 2.5 cm diameter) from an area of the site that has not previously experienced saltwater incursion. The microcosms consisted of the main soil core connected to a reservoir (30 cm tall, 5 cm diameter, PVC), which allowed us to manipulate both the water elevation within the soil core and water chemistry [our design was modified from Clark et al. (2006) and is explained in detail in Ardón et al. (2013) ]. To sample soil solution, each core was instrumented with three microlysimeters (5 cm, glass fiber, Rizhon MOM, Rhizhosphere Research Products, The Netherlands) at three depths (5, 15, and 25 cm from the soil surface). Ten of the 50 initial cores were used to determine initial soil nutrient and physical characteristics. The other 40 cores were assigned to one of two hydrologic treatments (drought and flooded) and one of four water chemistry treatments (n = 5 replicates per treatment). Water chemistry treatments were designed to discern the individual effects of increased salinity and increased sulfate from seasalts. To make the water chemistry treatments we modified a recipe for artificial saltwater from Kester et al. (1967) to make the following treatments: control (deionized water), artificial saltwater (Salinity = 5 ppt, Cl -[1000 mg L -1 , ASW), artificial saltwater without sulfate (S = 5 ppt, Cl -[1000 mg L -1 , ASW-SO 4 ), and deionized water with the same sulfate concentrations as the artificial saltwater treatments (SO 4 2-[100 mg L -1 , SO 4 2-). The cores were maintained in a dark walk-in environmental chamber at 30°C and 20 % humidity for the 12 weeks of the experiment. The cores were set up on 9 August 2010, flooded with deionized water and allowed to equilibrate for 2 weeks before applying the treatments. Water level was maintained above the soil surface in the flooded treatments and above the -25 cm sampling microlysimeters in the drought treatments for the duration of the experiment.
We sampled soil solution on 24 August 2010 before initiating treatments on 25 August 2010. From that point forward each core received sufficient treatment water to maintain desired water levels. We collected soil solution samples weekly for the first 2 weeks and biweekly for the last 8 weeks. Soil solution was collected by connecting a 5 ml syringe to each of the microlysimeters, adding a vacuum and allowing the syringe to fill overnight. Samples were collected in clean HDPE scintillation vials and either analyzed immediately or frozen until analyses (within 3 weeks) as described above.
Statistical analyses
We compared DOC and DON concentrations among sites using analyses of variance (ANOVA) and post hoc Tukey tests. To examine the effects of saltwater incursion on DOC concentrations in the field data, we compared DOC between samples that had salinities below the brackish limit (S = 0.5 ppt or 280 mg/L Cl -) to samples that had salinities above that limit using ANOVA. We also used ANOVAs to compare DOC fluxes between storms occurring in periods of low salinity (Cl -\280 mg/L) and periods of high salinity (Cl -[280 mg/L). For the Inflow, Midpoint, and Outflow, we performed multiple linear regression model selection with DOC and C:N ratio (2007-2012 , n = 255 per site) using regsubsets() in the LEAPS package in R. Dependent variables for the DOC regression analysis included dissolved solute concentrations (NO 3 -, SRP, Cl -), pH, water temperature, and discharge. We did not include conductivity, SO 4 2-, or NH 4 ? because they were strongly correlated with Cl -(r 2 [0.60 at one or more of the sites). Water level was also not included because it was strongly correlated with temperature (r 2 [0.60 at one or more of the sites). Dependent variables for C:N ratio included dissolved solute concentrations (NO 3 -, SRP, Cl -), pH, water temperature, and discharge. We also used ANOVA on the microcosm DOC data using hydrology, salinity, and sulfate as factors, followed by a post hoc Tukey test of means. Statistical analyses were performed in R 2.13.0 (The R Foundation for Statistical Computing 2011) and JMP (SAS, Cary, North Carolina, USA).
Results
Surface water
During four out of the 5 years, TOWeR experienced drought conditions which led to increased salinity and reductions in DOC (Fig. 2) (Fig. 2) . We observed lower magnitude increases in conductivity from June to September 2010 and June to August 2011 (Fig. 2) , but in both of these years the period of saltwater incursion was ended abruptly with the significant rains brought by tropical storm Nicole in 2010 (September 28-30) and hurricane Irene in 2011 (August 27-30). Average DOC concentrations were higher in the Inflow (average 42.8 ± 18.4 mg/L) which drains a mature forested wetland, than at the Midpoint (35.8 ± 16.1 mg/L), or the Outflow (31.6 ± 15.2 mg/L, Table 1 ). In all three sites, average DOC concentrations were 55 % higher during freshwater periods (mean DOC = 42.2 ± 14.9 mg/L, Cl -\280 mg/L), compared to high salinity periods (DOC = 18.9 ± 11.1 mg/L, Cl -[280 mg/L). The periods of lowest DOC concentrations in all three sites were associated with freshwater flushing by large storms (tropical storm Nicole and Hurricane Irene are indicated by arrows in Fig. 2 ) or periods of increased salinity (Fig. 2) . DOC concentrations declined with increasing Cl -, explaining 23-40 % of the total variation in DOC concentrations at each site (Table 2; Appendix  Table 5 ). Other significant explanatory variables included water temperature, pH, NO 3 -, discharge and phosphorus (SRP), with the best models explaining 40-61 % of the variation in DOC in all three sites (Table 2) . DON concentrations were correlated with DOC concentrations at each site (r 2 = 0.43, 0.58, 0.59 for the Inflow, Midpoint, and Outflow respectively, p \ 0.001). The carbon to nitrogen ratio of DOM in the field decreased from the Inflow (average C:N 37.8) to the Outflow (average C:N 30.8, Table 1 ), and declined with increasing salinity (Fig. 3) . Linear regression models for C:N ratio explained less of the variation (16-38 %) than models of DOC concentrations (Table 2, Appendix Table 5 ). Cl -was included in best fit models and alone explained 29, 28, and 8 % of the variation in C:N in the Inflow, Midpoint, and Outflow respectively. (Table 2; Appendix Table 5 ). Other significant explanatory variables in best fit models included SRP, discharge, water temperature, and pH (Table 2; Appendix Table 5 ). Annual DOC export ranged from a low of *50 kg C ha -1 year -1 in the 2nd and 5th years of our study to a high of *200 kg C ha -1 year -1 in years 1, 3, and 4 (Table 3 ). The extreme low export of years 2 and 5 were associated with the highest salinities during July through December (average chloride concentration = 2378.3 and 739.5 Cl -mg/L for 2008-2009 and 2011-2012 respectively) . A comparison of these 2 years is instructive. With 3-fold higher salinity during July through December in 2008-2009, there was nearly identical DOC export in both years, even though there was nearly double the water export in the earlier year (Table 3 ). Comparing the annual export of the year without saltwater incursion (2009) (2010) to years with extreme drought and saltwater incursion (2008-2009 and 2011-2012) , suggests that the combination of drought and saltwater incursion decreased annual DOC export by 70-73 %. We also estimated the impacts of saltwater incursion events in another way, by recalculating the seasonal export for 2008-2009 and 2011-2012 (2007) (2008) (2009) (2010) . We separated the 16 storms into storms that had low salinity (Cl -concentrations less than 100 mg/L, n = 7, mean Cl -= 38.8 ± 14.8 mg/L) and high salinity storms (Cl -concentrations greater than 100 mg/L, n = 9, mean Cl -= 1221.6 ± 343.9 mg/L). There was no significant difference in the amount of rain received during low (mean rainfall = 37.3 ± 9.3 mm) and high salinity storms (mean rainfall 30.2 ± 8.2 mm, p = 0.57). While total storm flow volume tended to be higher during low salinity periods (mean cumulative flow during low salinity periods = 41,138 ± 12,913 m 3 ) compared to high salinity periods (mean cumulative flow 21,656 ± 6629 m 3 , Fig. 4) , there was no significant difference (p = 0.11). Increased total storm flow volume led to increased DOC export, but storms with high salinity exported 76 % less DOC (mean DOC export = 310 ± 141.2 kg/storm, Fig. 4a ) compared to low salinity storms (mean DOC export = 1335 ± 507.5 kg/storm) though the difference was marginally significant (F ratio = 4.13, p = 0.06). This decline in DOC export Percentages in parentheses for water flux and DOC export represent the percentage of the annual water and DOC flux that occurred between July and December was in part because salinity was high during drought periods, which caused lower discharge after similar sized rain events (Fig. 4) . DOC concentrations were on average 71 % lower during high salinity periods compared to low salinity after similar rainfall events (low salinity mean volume weighted concentration = 32.7 mg/L compared to 11.4 mg/L during high salinity storms, F ratio = 11.49, p \ 0.001). The hydrograph and DOC concentrations after a low and high salinity storm illustrate these differences in concentrations (Fig. 4B) . Both storms received similar rainfall amounts (67.5 mm low salinity versus 78 mm), and exhibited similar total cumulative flow (64,154 m 3 low salinity versus 71,400 m 3 high salinity storm), but concentrations during the high salinity storm were half that of the low salinity storm (22. 3 mg/L compared to 41.0 mg/L, respectively, Fig. 4b ).
POC formation assays
Adding artificial seawater to water samples from the TOWeR site collected during summer led to rapid flocculation, as measured by increased POC formation (Fig. 5 ). There was a linear increase in flocculation from 0.5 to 6 mS/cm, with a smaller change in POC formation at the highest conductivity (Fig. 5) . The maximum POC formation we observed was approximately 13 % of the initial DOC concentration (Fig. 5 ). POC assays with water collected during other times of the year led to similar results (results not shown).
Microcosm experiment
In the microcosm experiment, Cl -concentrations increased in high salinity treatments to more than 2000 mg/L, as compared to less than 20 mg/L in the freshwater treatments (Fig. 6a, b) , and SO 4 2-concentrations increased to more than 100 mg/L in high 2-treatments, compared to less than 30 mg/L in the low SO 4 2-treatments (Fig. 6c, d ). Drought, salinity, and SO 4 2-treatments all led to significant decreases in DOC concentrations in soil solution (Fig. 6e -g, significant hydrology, salt, and SO 4 2-effects in Table 4 ). Drought treatments had 20 % lower DOC concentrations than flooded treatments in all water chemistry treatments (drought mean ± standard error = 39.9 ± 3.03 mg/L, flooded = 49.8 ± 3.16 mg/L, Fig. 6 ). Increased SO 4 2-, regardless of drought or salinity, led to a 27 % decline in DOC concentrations (mean = 38.2 ± 1.6 mg/L) compared to treatments without SO 4 2-(53.1 ± 1.93 mg/L). Increased salinity, regardless of the presence of drought or SO 4 2-, led to a 29 % decline in DOC concentrations (mean 37.7 ± 1.42 for ASW and ASW-SO 4 ) compared to treatments without the addition of salts (mean = 53.5 ± 4.18 mg/L for DI control and SO 4 only treatments). Drought and salinity combined led to a 49 % decline in DOC (34.8 ± 3.14 mg/L) compared to the flooded control (mean = 69.3 ± 2.2 mg/L). Chloride concentrations were negatively correlated with the average DOC:-DON ratio in the salinity treatments (Fig. 6h) .
Discussion
In field observations in a mature forested wetland (Inflow) and a restored wetland (Midpoint and Outflow) we found that the combination of drought and increased salinity reduced DOC concentrations by *50 % in surface water. The microcosm experiment showed a similar decline in DOC in response to drought and salinity (49 % decline). These declines in DOC concentrations reduced annual export of DOC from this coastal forested wetland to the estuary by *70 % and dampened storm fluxes of DOC by up to 76 %. It is particularly remarkable that these dramatic changes in the magnitude and timing of DOC exports from a coastal wetland resulted from only a modest increase in salinity (peak salinities in our study were \6 ppt) and are happening ahead of major changes in plant community structure (Hopfensperger et al. 2014 ). Our results show that both drought and increased salinization, due to direct human activities or sea-level rise, can substantially alter the carbon exchange between coastal forested wetlands and estuaries.
Controls on DOC concentrations
Salinity was an important driver of DOC concentrations in all three sites and in the microcosm experiment. The exact mechanism by which drought and salinity caused the declines in DOC concentration is not clear at this point. In the field, decreased plant productivity, salt-generated flocculation, and increased mineralization during periods of droughtinduced salinization could all act in concert to cause the large decreases in DOC observed in all three sites. We have measured a 50 % decline in growth of the dominant tree in flooded areas that have experienced increased salinity (Powell et al. 2016) . The other drivers of DOC concentration in addition to salinity, temperature and nutrients, also suggest that part of the decline of DOC concentrations is due to changes in terrestrial and aquatic plant productivity. The positive Hydrology factor included two treatments (drought and flooded) while salt and sulfate were present or absent. Bold font indicates significant differences Biogeochemistry (2016) 127:411-426 421 relationship between DOC and temperature is likely caused by higher aquatic plant productivity during warmer months of the year. A similar study in a forested wetland in South Carolina also found temperature to be an important driver of DOC concentrations in surface water (Chow et al. 2013) . Nitrate concentrations were negatively correlated to DOC in all three sites. While it is possible that higher nitrate concentrations could increase microbial activity and consumption of DOC (Lutz et al. 2012) , the negative trend observed here is more likely related to the timing of fertilizer addition in the upstream farm. The highest nitrate concentrations at the site usually occur in the early spring after fertilizer application before planting (Ardón et al. 2010) . These high NO 3 -N periods are also periods of low DOC due to low temperatures and low plant activity. On the other hand, phosphorus concentrations (SRP) were positively related to DOC concentration. Higher nutrient concentrations likely increase aquatic plant productivity that can increase DOC production, provided the timing of nutrient delivery corresponds to the period of elevated plant productivity. Overall, our results suggest that salinity may alter DOC export through changes in plant productivity before major changes in plant community composition occur (Hopfensperger et al. 2014 ). Because we did not include plants in the soil columns in the microcosm experiment, declines in DOC in that experiment were due to reasons other than changes in plant productivity. In the microcosm experiment the combined effects of drought (20 % decline) and salinity (29 % decline) were additive (49 % decline in drought and salinity combined). Sulfate also led to a similar decline in DOC concentrations (27 % decline), which could be due to increased mineralization, as has been seen in previous studies (Weston et al. 2011 ). However, we did not measure an increase in CO 2 fluxes related to increased sulfate (Ardón, data not shown). It is clear from our results that both salinity and sulfate are important drivers of DOC concentrations, and it is important to understand their separate and combined effects.
Even though we saw clear evidence of decreased DOC concentrations with increasing salinity in both the field and the microcosm experiment, the fate of that carbon is not clear. Some of it might be exported as particulate organic carbon (POC) after flocculation. We have not measured POC export from the TOWeR site. However, given the slow water velocity, POC export occurs mainly during storms or wind tides, suggesting that increased salinity could make carbon export to estuaries more episodic. The POC could return into solution if diluted by freshwater, but preliminary laboratory assays suggest that this salinity induced flocculation is not easily reversible (Ardón, unpublished data) . Another alternative is that the carbon enters soils and is rapidly broken down by microbes taking advantage of increased SO 4 2-. Increased C mineralization and faster soil C loss has been observed in various field and laboratory experimental salt additions (Weston et al. 2006; Chambers et al. 2011; Weston et al. 2011 ). However, we have not seen evidence of increased C mineralization with increasing salinity, indeed CO 2 fluxes decreased with salinity treatment in the microcosm experiment (Ardón, data not shown). It is also possible that the C flocculates could be deposited in soil for long-term C storage. Flocculation has been shown to lead to C sequestration in lakes (von Wachenfeldt and Tranvik 2008) . The ultimate fate of that C will depend on both the quality of the POC (Osburn et al. 2011) , and on how the microbial community adapts to increased salinity regimes.
Laboratory flocculation assays suggest that up to 13 % of DOC in surface water can be immediately transformed to POC upon exposure to artificial seawater (Fig. 5 ). This rate of flocculation is slightly higher than has been previously reported (Mulholland 1981; Sholkovitz 1976) , and these higher rates of POC formation may be due to the higher initial DOC concentrations in our samples (*40-60 mg/L) compared to previous studies (4-20 mg/L, Mulholland 1981; Sholkovitz 1976) . Declines in sea-salt deposition to coastal regions have been proposed as one mechanism driving large-scale increases in DOC fluxes from terrestrial forests and grasslands (Monteith et al. 2007 ). Our study supports this hypothesis, clearly demonstrating that the direct supply of marine salts to coastal freshwater wetlands dramatically reduces their DOC concentrations and export.
We found that both DOC quantity and quality (C:N ratio) were affected by salinization. The ratio of C:N (DOC:DON) that we measured in the field was similar to that reported in a forested wetland in South Carolina (Chow et al. 2013) . The decline in the C:N ratio of dissolved organic matter during salinization events or exposure suggests that salinity has a larger effect on the solubility, flocculation or biological assimilation of low N content organic molecules, leaving the relatively N rich molecules behind. This agrees with previous studies that have shown that salinity can lead to the loss of carbon rich humic components (Sholkovitz 1976) . Thus increased salinity could increase the quality of the remaining dissolved organic matter, since higher N content is typically related to higher bioavailability (Lutz et al. 2011 ). This hypothesis requires further exploration as the C:N ratio is only one of many factors which determine bioavailability of dissolved organic matter (Bianchi 2011) .
Hydrologic control of DOC export
Remarkably, the range in annual DOC export observed from the TOWeR site over just 5 years spans the full range of DOC export reported for 191 wetlands worldwide (50-220 kg ha -1 year 1 , (Mulholland 2003) . As expected export of DOC from the TOWeR site is linked to water export (Tables 2, 3 ). The amount of DOC export from the TOWeR site was lowest in years with the lowest flow (2008-2009 and 2011-2012, Table 3 ). In 2008 and 2009 flow was low due to a severe drought in the region (Palmer drought index value-1.92, State Climate Office of NC). In 2011-2012 water flow out of the site was low even though it was not a drought year. Despite overall increases in flooding and water elevation since restoration (Ardón et al. 2010) , water flow out of the site was lowest the last year of the study (Table 3) . At this point it is not clear why flow from the site was low that year, but we believe that a decrease in the difference in water elevation between the site and the downstream canal (i.e. a decline in head) after removal of a pump station is partially responsible for the decline. Others have also reported decreases in DOC and DON export related to decreases in flow (Eimers et al. 2008) . A recent meta-analysis found that variation in DOC export from 550 catchments worldwide was related to discharge (Alvarez-Cobelas et al. 2012) . Given that climate change models predict increased frequency and duration of droughts and increased intensity of storms, our results suggest that export of DOC to coastal areas is likely to become more episodic. Furthermore, the decreased storm export during high salinity periods we measured suggests that saltwater incursion will make those episodic C pulses smaller, further decreasing C export to estuaries.
Conclusions
Saltwater incursion into coastal freshwaters is likely to occur more regularly, over larger areas, and for longer durations in the future. Reductions in freshwater discharge as a result of more intense and extended droughts, together with sea-level rise will make this trend inevitable. Human management of water infrastructure throughout the coastal landscape may exacerbate this trend through water withdrawals and soil oxidation, or may impede it through water control structures and active drainage. In support of our initial hypotheses, results from this study suggest that drought and low level, seasonal salinization of coastal wetlands are already substantially altering the magnitude and timing of wetland derived carbon reaching downstream coastal ecosystems. Well in advance of significant sea-level rise, saltwater incursion is reducing the flux of energy between the continent and the coast. 
